Objective: Less invasive approaches to aortic valve surgery are increasingly used; however, few studies have investigated their impact on outcome. We sought to compare clinical outcomes after these approaches with full sternotomy using propensity-matching methods.
In the mid-1990s, less invasive ''keyhole'' approaches for valve operations were pioneered with the intent of reducing morbidity, postoperative pain, and blood loss, improving cosmesis, shortening hospital stay, and reducing cost compared with the 50-year-old full sternotomy approach. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Furthermore, it was believed that less spreading of the incision, not interfering with the diaphragm, and less tissue dissection might improve outcomes, particularly respiratory function. 7, 8 Although clinical studies suggest that some of these benefits have been realized, there has been no confirmatory large study or randomized trial. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Because patients undergoing aortic valve surgery are in general older and sicker than those undergoing isolated mitral valve surgery, cosmetic benefits of less invasive aortic valve surgery may not be as important. Yet potential improvement in postoperative pain and respiratory function, particularly in patients with advanced respiratory disease, and reduced blood loss, transfusion requirement, and intensive care unit (ICU) and hospital lengths of stay are of even greater possible benefit in this older population with more severe comorbidities. Despite these perceived advantages of less invasive surgery, full sternotomy remains the most widely used approach in isolated aortic valve surgery. Therefore, to evaluate the potential benefits of a minimally invasive approach, we performed a propensitymatched comparison of short-and long-term outcomes in patients who underwent less invasive aortic valve surgery compared with patients who had full sternotomy.
PATIENTS AND METHODS Patients
From January 1995 to January 2004, a total of 2689 patients underwent primary isolated aortic valve repair (n ¼ 438) or replacement (n ¼ 2251) surgery with (n ¼ 25) or without (n ¼ 2664) tricuspid valve repair; patients undergoing concomitant mitral valve surgery or coronary artery bypass grafting were excluded, as were those with active endocarditis. A minimally invasive approach was intended in 1193 (44%) patients and full sternotomy in 1496 (56%). In more recent years, the proportion of aortic valve operations performed through a less invasive incision has risen to 60% to 65% ( Figure E1 ). Mean age was 60 AE 6 years (range, 18-97 years), and 66% were men.
Data were in part retrieved from the prospective Cardiovascular Information Registry and in part from each patient's medical record. These data were approved for use in research by the institutional review board, with patient consent waived.
Surgical Technique
Conventional general anesthesia was used in all patients regardless of surgical approach, with identical protocols. Patients who underwent less invasive surgery had an 8-to 10-cm skin incision. 1, 3, 7 The upper sternum was divided in the midline, and this sternotomy was extended into the right fourth intercostal space, forming a J. [7] [8] [9] Approach to the aortic valve was via either an oblique aortotomy carried into the noncoronary cusp or a transverse aortotomy above the sinotubular junction, at the discretion of the surgeon. Aortic valve repair or replacement was then carried out according to the surgeon's standard technique.
Vacuum-assisted cardiopulmonary bypass with central cannulation was used in all patients. 11 Intraoperative transfusions, anesthetic technique, and timing of extubation were at the anesthesiologists' discretion. Intraoperative and postoperative transfusion and extubation were not driven by rigorous protocols, except that the philosophy of the teams was to minimize use of homologous blood products.
Study Design
A number of differences in patient characteristics between less invasive and full sternotomy groups precluded interpretation of direct comparisons of outcomes (Table 1) . Therefore, to reduce influence of selection, we used propensity matching to approximate a randomized trial. [12] [13] [14] In the spirit of such a trial, we followed the ''intent-to-treat'' principle, such that the 34 (2.8%) patients with an intended less invasive approach who were converted to full sternotomy were retained in the less invasive group. Initially, a parsimonious model based on variables in Appendix 1 was formulated by logistic regression analysis using bagging 15 (Table E1) to understand the drivers of patient selection. To this model were added nonsignificant variables to form a semisaturated propensity model. From this logistic regression model (C ¼ .77) based on 42 preoperative and procedure variables predictable preoperatively (Appendix 1), a propensity score was generated for each patient. Greedy matching based on the propensity score was used to identify 832 patient pairs for comparison, 70% of all possible pairs (Table E2) . 16 Figure E2 indicates the portion of the spectrum of propensity from which matched pairs were obtained, and Table E2 documents characteristics of patients for whom either less invasive or full sternotomies were more heterogeneously applied during the study period. Figure E3 shows standardized differences 17 for a number of variables before and after matching, illustrating success in formulating comparable groups. This strategy was repeated for the 2000-2004 cohort (n ¼ 648, less invasive patients; n ¼ 712, full sternotomy patients) for whom incentive spirometry and pain scores were available, yielding 440 propensity-matched patient pairs, 68% of all possible pairs.
Outcomes
Outcomes assessed included intraoperative support (myocardial ischemic time, cardiopulmonary bypass time), postoperative in-hospital mortality and morbidity (defined in accordance with the Society of Thoracic Surgeons National Database: http://www.ctsnet.org/file/rptData Specifications252_1_ForVendorsPGS.pdf), blood product use, mediastinal drainage at 6 and 24 hours, hematocrit at hospital discharge, time to extubation (which was at the discretion of attending anesthesiologists in either the operating room or ICU), all incentive spirometry values after extubation, all pain scores, length of ICU and hospital stay, and long-term survival.
Incentive spirometry and pain scoring were performed and recorded prospectively and consecutively from January 2000 to January 2004. During that time 880 matched and 480 unmatched patients (n ¼ 1260; 47% of study group) underwent operation. Both spirometry and pain scores were obtained routinely as part of clinical care after surgery. Spirometry was performed periodically by respiratory therapists using a Renaissance II bedside spirometer (Puritan Bennett, Carlsbad, Calif) until hospital discharge; a total of 3030 values were available for 621 matched patients (71%). Forced expiratory volume in 1 second (FEV 1 ) values measured by this equipment were normalized to percent of predicted by the NHANES algorithm and used for analysis. 18 From patients' arrival in the ICU to hospital discharge, nursing staff recorded pain intensity-ranging from 0 (none) to 10 (severe)-approximately every 4 hours using the extensively validated Wong-Baker FACES (Facial Expression Scale) pain assessment. 19, 20 A total of 21,154 valid pain scores were available for 718 matched patients (82%).
Survival was assessed by follow-up every 2 years using a questionnaire approved by the institutional review board, supplemented by data from the Social Security Death Master File. 21, 22 A total of 10,893 patient-years of information was available for analyses among matched patients, with mean follow-up of 6.5 AE 3.0 years; 25% of survivors were followed up more than 9.1 years and 10% more than 10 years. For matched patients undergoing less invasive surgery, 5641 patient-years of follow-up were available for analyses, mean follow-up was 6.8 AE 2.9 years, and 10% were followed up more than 10 years. For matched patients undergoing full sternotomy, 5252 patient-years of follow-up were available for analyses, mean follow-up was 6.3 AE 3.0 years, and 10% were followed up more than 10 years.
Comparisons
Categorical outcomes were compared using either the c 2 or Fisher's exact test and continuous outcomes by the Wilcoxon rank sum nonparametric test. To compare temporal pattern of postoperative FEV 1 across time, we analyzed all 3030 repeated continuous values longitudinally using mixed-model regression, 16 with autoregressive order 1 correlation structure to accommodate the correlated nature of the observations within each patient.
To compare temporal pattern of postoperative pain across time, we combined pain scores into 5 categories because of low frequency of higher pain scores: 0 (pain score 0), 1 (pain scores 1-3), 2 (pain scores 4-6), 3 (pain scores 7 and 8), and 4 (pain scores 9 and 10). All 21,154 pain score categories were then analyzed longitudinally using a nonlinear cumulative logit mixed model for repeated measures that resolved a number of temporal
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CL ¼ confidence limits FEV 1 ¼ forced expiratory volume in 1 second ICU ¼ intensive care unit components and their shaping parameters. 23 Each component was independently modulated by a time function with common random intercept.
Survival was compared nonparametrically by the Kaplan-Meier method and parametrically by a temporal decomposition model. 23 
Presentation
Categorical variables are summarized as frequencies and percentages and continuous variables as means AE standard deviations, or as equivalent 15th, 50th (median), and 85th percentiles (for consistency with AE 1 standard deviation) when data were skewed. Asymmetric 68% confidence limits (CL) are consistent with AE 1 standard error. All analyses were performed using SAS (SAS Institute, Inc, Cary, NC) statistical software version 9.1.
RESULTS

Success of Intended Approach
Of the 34 conversions from a less invasive approach to full sternotomy, 18 (53%) occurred before the aortic clamp was applied, mostly because heart position precluded adequate exposure; 3 (8.8%) occurred while the clamp was in place, primarily because of unusual anatomy; 12 (35%) occurred after clamp removal, primarily for repair of coronary sinus injury from the retrograde cardioplegia catheter, but also for left heart distention and ventricular fibrillation; 1 had insufficient documentation to classify (Table E3) .
Among propensity-matched patients, ischemic time was shorter after a less invasive approach than after full sternotomy (58 AE 24 vs 71 AE 28 minutes; P <.0001) as was cardiopulmonary bypass time (73 AE 32 vs 95 AE 37 minutes; P <.0001).
In-Hospital Mortality and Morbidity
In-hospital mortality was identical, 0.96% (CL, 0.63%-1.3%), among matched patients (P>.9, Table 2 ). Postoperative respiratory insufficiency (prolonged ventilatory support beyond 24 hours) occurred less frequently after less invasive surgery than after full sternotomy; all other in-hospital complications occurred with similar frequency (Table 2) .
Bleeding and Transfusion
Prevalence of return to the operating room for bleeding was similar in matched groups (Table 2) ; however, mediastinal drainage was a third less at 6 and 24 hours after a less invasive approach (15th/50th/85th percentiles, 50/100/250 mL and 150/250/400 mL, respectively) than after full sternotomy (100/150/300 mL and 250/350/700 mL, respectively); P <.0001. Transfusion was less frequent after less invasive surgery than after full sternotomy (24% vs 34%; P<.0001; Table 2 ), and despite this, hematocrit value at discharge was similar between groups (32% AE 4.2% for less invasive surgery vs 32% AE 3.7% for full sternotomy; P ¼ .6).
Respiratory Function
A substantially higher proportion of matched patients were extubated in the operating room after less invasive surgery than after full sternotomy (12% vs 1.6%; P <.0001). Median time to extubation was also shorter (5.2 hours [CL, 2.5-12 hours] vs 6.9 hours [CL, 3.6-21 hours]; P <.0001). FEV 1 was higher immediately after extubation in the less invasive group, with the difference narrowing during the first 36 hours after surgery (Figure 1 ).
Postoperative Pain
The general temporal pattern of pain score categories is illustrated in Figure 2 , A. During the first 24 postoperative hours, only about a third of patients were pain free, and this proportion rose to about 60% by day 3 and stabilized. Matched patients undergoing less invasive surgery had less pain throughout their postoperative course than those undergoing full sternotomy (P <.0001; Figure 2 , B).
Length of Stay
Among matched patients, median ICU and postoperative lengths of stay were shorter in the less invasive group than in the full sternotomy group. ICU stay (15th percentile/median/85th percentile) was 1/1/2 versus 1/1/3 days (P <.0001). Total postoperative length of stay was 4/6/9.2 versus 5/6/12 days (P <.0001).
Survival
Survival at 1, 5, and 10 years was 96%, 90%, and 77% after less invasive surgery and 95%, 86%, and 73% after full sternotomy among matched patients (P ¼ .2, Figure 3 ).
DISCUSSION
Patients are increasingly self-educated and aware of minimally invasive options for cardiac surgery. In some cases, they are being referred or self-refer for surgery only if a less invasive procedure can be performed. Concerns have been raised that less invasive procedures may result in longer operative, bypass, and aortic clamp times, increasing risk of complications. Were this the case, the perceived benefits of improved cosmesis and less pain and bleeding might not be worth the increased risk. Some patients with aortic valve disease also have not been offered less invasive approaches because of perceived fragility or advanced age. Indeed, on the basis of our experience, we find it particularly advantageous to use a less invasive approach for elderly frail patients and those with advanced respiratory disease. Of note, risk of respiratory insufficiency was lower in this study with the J-incision, and FEV 1 was higher early postoperatively. Risk of wound infection and sepsis may also be lower and easier to deal with. As innovative transcatheter approaches to aortic valve insertion are being developed and tested in clinical trials 24 and used in practice, the results of full sternotomy versus less invasive surgery deserve close attention by cardiac surgeons, who may be able to offer a safer and less traumatic alternative. Specifically, the ''gold standard'' of aortic valve surgery via a full sternotomy may not be as tenable, as operative technique, anesthesia, perfusion, and postoperative care have improved, particularly for high-risk patients. Outcomes and potential advantages of currently available techniques for aortic valve surgery must be well understood to accurately evaluate transcatheter approaches for any given patient.
Principal Findings
In less than 3% of cases, a less invasive incision had to be converted to full sternotomy. That the majority of conversions to full sternotomy occurred before aortic clamping suggests that a careful evaluation of adequacy of exposure of the aorta and right atrium is necessary to achieve optimal results. Computed tomography scanning before surgery in borderline cases, particularly if an ascending aortic replacement is contemplated, may be of value.
A smaller number of cases were converted when a change in planned procedure occurred based on new information obtained in the operating room. Examples included detecting systolic anterior motion of the mitral valve requiring concomitant myectomy. Coronary sinus perforation and right atrial bleeding accounted for several conversions, suggesting that particular care is required in placing the retrograde cardioplegia catheter and venous cannulas because palpation cannot be used to check positioning. Indeed, some of us have abandoned using retrograde cardioplegia for minimally invasive J-incisions. In addition, access for deairing is limited. A maneuver that facilitates deairing is to slide a malleable retractor down to the left ventricle and compress it. Carbon dioxide field flooding is used routinely because of the 25-times quicker rate of absorption of carbon dioxide compared with air. Venting the left ventricle is also limited with this approach, resulting in 4 conversions to place a vent or to adequately defibrillate. We routinely apply adhesive transcutaneous defibrillator pads before the operation to facilitate rapid defibrillation.
This study shows no disadvantages of less invasive surgery and several advantages: (1) postoperative pain is less, (2) blood loss and blood use are lower, (3) time to extubation is shorter and early respiratory capacity improved, and (4) length of stay is shorter. Although there was no major difference in survival, it should be noted that hospital and 30-day survivals were above 99% in both groups, and thus to show a difference would be statistically difficult. Of note, early and late survivals were not compromised.
Less perioperative bleeding and fewer blood transfusions are likely due to the smaller mediastinal dissection required for the less invasive approach. Less pain is likely related to less surgical dissection, less spreading of the sternum, and no escalation of tension on the posterior rib head and costovertebral ligaments because the chest wall is not opened like a trap door. The better pulmonary function can be explained by no interference with the diaphragm or dissection along it. Also, with less chest wall pain, patients may have less splinting of the chest and thus can breathe more deeply. All of these factors likely combine to influence length of stay. In an era in which health care costs are increasingly scrutinized and efficiency has become a paramount concern, the difference in length of stay has significant implications in terms of bed occupancy and hospital cost.
Implications for Transcatheter Aortic Valve Replacement
Transcatheter aortic valve technology has progressed from an area of intense engineering interest to a clinical reality. One device is currently in clinical trials in the United States, and several are used extensively in Europe. 24 Although there is considerable excitement regarding the potential of transcatheter aortic valve replacement, the appropriate patient in whom to apply this technology remains uncertain. A number of recent reports have questioned the use of available risk-scoring tools to evaluate patients for transcatheter aortic valve replacement 25 because observed mortality is often much lower than would be expected based on the score. In a large real-world patient cohort, we show that less than 1% 30-day mortality and 1.3% risk of stroke can be achieved. These results should serve as a benchmark for comparison with results of transcatheter aortic valve replacement in patients who are also considered for surgical aortic valve replacement. Furthermore, when examining patients by age at operation at our institution, 26 for the 720 undergoing primary aortic valve replacement who were less than 70 years old, risk of death from January 2001 to January 2008 was 0.28%. It was only for patients older than 80 years undergoing reoperation that the risk increased above that of reoperation in patients less than 70 years of age (2.3%), to 5.6%. 26 
Limitations
Although heterogeneity in use of less invasive aortic valve surgery provided the opportunity for comparisons with full sternotomy, clearly, as a group, patients undergoing full sternotomy were sicker, with a less favorable prognosis than those undergoing less invasive surgery. When a propensity score was used to match patients, the comparison groups were intermediate in risk (Figure E2) , and differences in most outcomes appeared to be explained by differences in patient characteristics rather than surgical approach (Table E2) . Indeed, like randomized trials that address only that portion of the spectrum of disease for which equipoise is present, propensity methods address only that portion of the spectrum for which heterogeneity in practice is discovered (virtual equipoise). In both cases, it is tempting to extrapolate beyond the confines of the overlapping portions of the spectrum; we caution the reader to understand that at both extremes of the spectrum, surgeons at Cleveland Clinic during the period of this study systematically performed either less invasive or full sternotomy operations, and the factors driving this decision are those identified in Table 1 : obesity, left ventricular function, acuity, disease etiology, tricuspid valve regurgitation, era of surgery, and intent to repair rather than replace the valve. We acknowledge that selection bias cannot be completely reversed by propensity-based methods and, in this study, cannot completely overcome distinct surgeon preferences. Because treatment was not masked, patients' selfreporting of pain scores may have been biased as well. This is also a single-institution study, which limits its generalizability. Nevertheless, time to extubation, spirometry values, and pain scores would largely have been uninfluenced by potential surgeon biases because these were determined or routinely collected by respiratory therapists, anesthesiologists, or nurses.
CONCLUSIONS
Less invasive aortic valve surgery has cosmetic, blood product use, respiratory, and pain advantages and is equal in safety to full sternotomy. In addition, it appears to result in shorter length of stay, with potential cost savings. We routinely use the approach for most aortic valve and ascending aortic procedures, excluding those requiring additional procedures such as coronary artery or mitral valve surgery.
FIGURE E1. Percent of aortic valve surgery performed through a lessinvasive incision. This graph incorporates cases performed after the study period.
FIGURE E2. Mirrored histogram of distribution of propensity scores for full sternotomy (bars above zero line) and less invasive (bars below zero line) approaches. Darkened area represents matched patient pairs, showing that they cover the complete spectrum of cases. FIGURE E3. Covariable balance plot before and after propensity-score matching on selected covariables. Symbols depict percent standardized differences 17 for covariables between patients in less invasive and full sternotomy groups. BMI, Body mass index; BUN, blood urea nitrogen; COPD, chronic obstructive pulmonary disease; Dysfunct., dysfunction; HTN, hypertension; LV, left ventricular; Regurg., regurgitation; TV, tricuspid valve. 
